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WXUEXOHQFHLVEURDG,QWKLVSDSHUWKHIRFXVLVRQFODVVLFDOFRQWUROWKHRUHWLFDOPRGHOLQJRIWKHWUDQVLHQWEHKDYLRUDQGIXQGDPHQWDOG\QDPLFVRI
SURGXFWLRQSODQQLQJDQGFRQWUROZKLFKJHQHUDOO\LVFRQVLGHUHGWRLQFOXGHVFKHGXOLQJVHTXHQFLQJORDGLQJDQGFRQWUROOLQJ3XEOLFDWLRQVLQWKLV
DUHD LQ UHFHQW\HDUVDUH UHYLHZHGZLWKFRQWULEXWLRQV UHSRUWHG LQSXEOLFDWLRQVRI WKH&,53,QWHUQDWLRQDO$FDGHP\IRU3URGXFWLRQ5HVHDUFK
UHFHLYLQJSDUWLFXODUHPSKDVLV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH,QWHUQDWLRQDO6FLHQWLILF&RPPLWWHHRI³7KHWK&,53&RQIHUHQFHRQ0DQXIDFWXULQJ
6\VWHPV´LQWKHSHUVRQRIWKH&RQIHUHQFH&KDLU3URIHVVRU+RGD(O0DUDJK\
.H\ZRUGV3URGXFWLRQ3ODQQLQJDQG&RQWURO&RQWURO7KHRU\'\QDPLFV
,QWURGXFWLRQ
7R UHPDLQ FRPSHWLWLYH PDQXIDFWXUHUV QHHG WR DGDSW WR
LQFUHDVLQJO\ G\QDPLF DQG WXUEXOHQW PDUNHWV DQG GHVLJQ
SURGXFWLRQ V\VWHPV DQG SROLFLHV WKDW DUH FKDQJHDEOH DQG
UHVSRQGZLWK DJLOLW\ >@0HWKRGRORJLHV WKHUHIRUH DUHQHHGHG
WKDW HQDEOH SURGXFWLRQ HQJLQHHUV DQG EXVLQHVV PDQDJHUV WR
PDWKHPDWLFDOO\ PRGHO DQDO\]H DQG GHVLJQ DJLOH DQG
FKDQJHDEOH SURGXFWLRQ V\VWHPV DQG VXSSO\ FKDLQV WKDW
LQFRUSRUDWH VWUDWHJLHV DQG SROLFLHV WKDW DUH UREXVW LQ WKH
SUHVHQFHRIGLVWXUEDQFHVDQGPLWLJDWHWKHQHJDWLYHLPSDFWVRI
WXUEXOHQFH LQ WKH SURGXFWLRQ HQYLURQPHQW 1RZDGD\V
SURGXFWLRQHQJLQHHUVFRQVWUXFWPRGHOVLQFRPSXWDWLRQDOIRUP
DQDO\WLFDOPRGHOV UHSUHVHQWDPDWKHPDWLFDO DEVWUDFWLRQRI WKH
UHDO PDQXIDFWXULQJ V\VWHPV DQG D VHW RI HTXDWLRQV LV
IRUPXODWHG WKDW VXPPDUL]HV DJJUHJDWH G\QDPLF EHKDYLRU
VLPXODWLRQ PRGHOV DUH H[SHULPHQWDO DQG PRGHO HYHQWV WKDW
ZRXOGRFFXULQUHDOSURGXFWLRQV\VWHPV>@
6HYHUDO UHYLHZV KDYH EHHQ SXEOLVKHG LQ WKH SDVW WKDW
DGGUHVVYDULRXVDVSHFWVRIWKHDSSOLFDWLRQRIFRQWUROWKHRU\LQ
DQDO\VLV DQG GHVLJQ RI G\QDPLF EHKDYLRU RI SURGXFWLRQ
V\VWHPV DQG VXSSO\ FKDLQV 2UWHJD DQG /LQ  >@
UHYLHZHGFRQWURO WKHRU\DSSOLFDWLRQV LQSURGXFWLRQ±LQYHQWRU\
SUREOHPV 6DULPYHLV HW DO  >@ UHYLHZHG G\QDPLF
PRGHOLQJDQGFRQWURORIVXSSO\FKDLQV\VWHPVDQG,YDQRYHW
DO>@UHYLHZHGDSSOLFDELOLW\RIRSWLPDOFRQWUROWKHRU\
WR DGDSWLYH VXSSO\ FKDLQ SODQQLQJ DQG VFKHGXOLQJ 7KHVH
UHYLHZV PDNH LW FOHDU WKDW WKH VSHFWUXP RI SRWHQWLDO
DSSOLFDWLRQV RI FRQWURO WKHRU\ LQ DQDO\]LQJ PDQ\ DVSHFWV RI
SURGXFWLRQ V\VWHPV DQG WKHLU PDQDJHPHQW LV ODUJH DQG WKDW
WKHSRWHQWLDOFRQWULEXWLRQVRIFRQWURO WKHRU\ WRXQGHUVWDQGLQJ
WKHG\QDPLFVRIWKHVHV\VWHPVDUHVLJQLILFDQW
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,Q WKLV SDSHU WKH IRFXV LV RQ WKH XVH RI FODVVLFDO FRQWURO
WKHRU\ LQ DQDO\]LQJ WKH WUDQVLHQW EHKDYLRU RI 3URGXFWLRQ
3ODQQLQJDQG&RQWURO33&ZKLFKJHQHUDOO\LVFRQVLGHUHGWR
LQFOXGHVFKHGXOLQJDQGVHTXHQFLQJSODQZKHQORDGLQJSODQ
KRZPXFKDQGFRQWUROOLQJIROORZSODQV>@6DULPYHLVHWDO
>@ DQG ,YDQRY HW DO >@ WKRURXJKO\ UHYLHZ VXSSO\ FKDLQ
DSSOLFDWLRQV WKLV LV QRW DGGUHVVHG IXUWKHU LQ WKLV SDSHU $
QXPEHURIDXWKRUVKDYHSXEOLVKHGLQWKLVDUHDLQUHFHQW\HDUV
LQFOXGLQJPDQ\ FRQWULEXWLRQV UHSRUWHG LQ SXEOLFDWLRQV RI WKH
&,53 ,QWHUQDWLRQDO $FDGHP\ IRU 3URGXFWLRQ 5HVHDUFK
7KHVHUHFHLYHSDUWLFXODUHPSKDVLVLQWKLVSDSHU1RQFRQWURO
WKHRUHWLFDO PHWKRGV RI PRGHOLQJ SURGXFWLRQ SODQQLQJ DQG
FRQWURO V\VWHPV ZLOO EH EULHIO\ VXPPDUL]HG ILUVW 7KHQ DQ
RYHUYLHZ RI FODVVLFDO FRQWURO WKHRUHWLFDO DQDO\VLV ZLOO EH
SUHVHQWHG7KH IRFXVRQFODVVLFDOFRQWURO WKHRU\ LV GHOLEHUDWH
LQ WKLV SDSHU EHFDXVH LWV DSSOLFDWLRQ LV ZLWKLQ UHDFK RI
SUDFWLFLQJSURGXFWLRQHQJLQHHUVZKRRIWHQKDYHKDGDWOHDVWDQ
LQWURGXFWRU\ H[SRVXUH WR WKH WRSLF LQ WKHLU XQGHUJUDGXDWH
OHYHO JUDGXDWHOHYHO RU SURIHVVLRQDO HGXFDWLRQ $GGUHVVLQJ
WKHNQRZQOLPLWDWLRQVRIFODVVLFDOFRQWUROWKHRU\VLJQLILFDQWO\
PRUHPDWKHPDWLFDOO\DGYDQFHGWKHRULHVKDYHEHHQGHYHORSHG
LQDUHDVVXFKDVQRQOLQHDUFRQWURORSWLPDOFRQWUROVWRFKDVWLF
FRQWURO DGDSWLYH FRQWURO UREXVW FRQWURO + FRQWURO HWF
WKHVH DUH RXWVLGH WKH VFRSH RI WKLV SDSHU 6XPPDULHV RI
FRQWULEXWLRQV WR FRQWURO WKHRUHWLFDO DQDO\VLV RI SURGXFWLRQ
SODQQLQJ DQG FRQWURO V\VWHPV WKHQ DUH SUHVHQWHG )LJXUHV
SDUWLFXODUO\ EORFN GLDJUDPV UHSURGXFHG IURP UHIHUHQFHG
SXEOLFDWLRQV DUH LQFOXGHG WR LOOXVWUDWH WKH QDWXUH RI
DSSURDFKHV WDNHQ 5HDGHUV DUH HQFRXUDJHG WR UHIHU WR WKHVH
SXEOLFDWLRQV IRU GHWDLOV UHJDUGLQJ G\QDPLF PRGHOV NH\
YDULDEOHVEHKDYLRUREVHUYHGFRQFOXVLRQVHWF
1RQ&RQWURO7KHRUHWLFDO0RGHOLQJ0HWKRGV
&RPSXWHUVLPXODWLRQFDQSURGXFHKLJKILGHOLW\SUHGLFWLRQV
RI WKH WUDQVLHQW EHKDYLRU RI SURGXFWLRQ SODQQLQJ DQG FRQWURO
V\VWHPV'LVFUHWH HYHQW VLPXODWLRQ '(6 LV D FRPPRQ WRRO
IRU GHWDLOHG PRGHOLQJ RI SURGXFWLRQ V\VWHPV 4XHXHV
ZRUNVWDWLRQV HWF DUH LQGLYLGXDOO\PRGHOHGZLWK D IRFXV RQ
HYHQWV VXFK DV WKH PRYHPHQW RI RUGHUV RU WKHLU FRQWHQWV
EHWZHHQ ZRUNVWDWLRQV DQG TXHXHV 6LPXODWLRQV RIWHQ DUH
GULYHQ E\ LQSXWV ZLWK SUREDELOLVWLF GLVWULEXWLRQV DQG V\VWHP
EHKDYLRU LQ UHVSRQVH WR WKHVH LQSXWV LV WKHQ FKDUDFWHUL]HG
VWDWLVWLFDOO\ XVLQJ VLPXODWLRQ UHVXOWV 6LJQLILFDQW DPRXQWV RI
WLPH DUH RIWHQ UHTXLUHG WR GHYHORS '(6 PRGHOV UXQ
VLPXODWLRQV DQG DQDO\]H WKH UHVXOWV 7KHUH LV QR DQDO\WLFDO
VROXWLRQ WKDW FDQ EH XVHG IRU GHVLJQ SXUSRVHV IRU H[DPSOH
FRQWUROODZVRUSROLFLHVIRUUHOHDVHRIRUGHUVLQWRDV\VWHPRU
DGMXVWLQJ SURGXFWLRQ FDSDFLW\ FDQQRW EH GLUHFWO\ DQDO\WLFDOO\
GHVLJQHG XVLQJ VLPXODWLRQ UHVXOWV ,QVWHDG ODUJH QXPEHUV RI
LWHUDWLYH VLPXODWLRQ H[SHULPHQWV DUH W\SLFDOO\ XVHG WR
FKDUDFWHUL]H REVHUYHG G\QDPLF EHKDYLRU DQG VXEVHTXHQWO\
VHOHFWJRRGFRQWUROSROLFLHV>@>@
4XHXLQJ QHWZRUN DQDO\VLV LV DQRWKHU FRPPRQO\ XVHG
PHWKRGIRUHYDOXDWLQJSHUIRUPDQFHRISURGXFWLRQV\VWHPV>@
$QHWZRUNRITXHXHVLVPRGHOHGLQZKLFKRUGHUVZRUNSLHFHV
HWFDUULYHZDLWXQWLOWKH\DUHSURFHVVHGDQGWKHQPRYHRQWR
WKH QH[W SURFHVVLQJ VWHS4XHXLQJ QHWZRUNPRGHO LQSXWV DUH
GHILQHG E\ VWHDG\VWDWH SUREDELOLW\ GLVWULEXWLRQV 4XHXLQJ
PRGHOV DOORZ IRU H[DPSOH D V\VWHP FRQWUROOHU WR REVHUYH D
TXHXH DW D ZRUNVWDWLRQ DQG FKDQJH LWV FRQWURO VHWWLQJV
+RZHYHU WKH PRGHOV DUH DSSOLFDEOH WR D OLPLWHG QXPEHU RI
TXHXH GLVFLSOLQHV DQG WKH WUDQVLHQW EHKDYLRU RI SURGXFWLRQ
V\VWHPV UDWKHU WKDQ WKHLU VWHDG\ VWDWH EHKDYLRU RIWHQ LV RI
LQWHUHVW)XUWKHUPRUHWKHVWUXFWXUHRIUHDOSURGXFWLRQV\VWHPV
FDQ EH WRR FRPSOH[ WR DQDO\WLFDOO\ UHSUHVHQW XVLQJ TXHXLQJ
QHWZRUNDQDO\VLV>@
7KH3HWULQHW LVDJUDSKUHSUHVHQWDWLRQ WKDWFDQEHDSSOLHG
LQPRGHOLQJ33&V\VWHPV>@>@$3HWULQHWLVFRQVWUXFWHG
XVLQJ SODFHV WUDQVLWLRQV DQG DUFV >@ 7RNHQV FLUFXODWH
WKURXJKWKHQHWZRUNDFFRUGLQJWRWUDQVLWLRQVWKDWPD\GHSHQG
XSRQ FRQGLWLRQV VXFK DV WKH QXPEHU RI WRNHQV LQ LWV LQSXW
SODFHV D WUDQVLWLRQ FUHDWHV WRNHQV LQ LWV RXWSXW SODFHV 3HWUL
QHWV KDYH EHHQ XVHG IRU H[DPSOH WR DQDO\]H GHDGORFNV LQ
SURGXFWLRQV\VWHPV>@DQGWRILQGEHVWVFKHGXOHV>@
6\VWHP '\QDPLFV LV D WHFKQLTXH GHYHORSHG E\ )RUUHVWHU
>@IRUEXLOGLQJG\QDPLFPRGHOV/RRSGLDJUDPVDQGVWRFN
DQGIORZ GLDJUDPV DUH XVHG WR GHVFULEH LQIRUPDWLRQ FRQWURO
DQGIORZRIRUGHUVZRUNSLHFHVHWF6\VWHPG\QDPLFVDSSOLHV
WKHFRQFHSWRIIHHGEDFNORRSVLQUHSUHVHQWLQJDEURDGUDQJHRI
SK\VLFDO DQG VRFLDO V\VWHPV 7KH WHFKQLTXH LV VLPXODWLRQ
EDVHGDQGW\SLFDOO\GRHVQRWSURYLGHDQDO\WLFDOVROXWLRQVWKDW
FRXOG EH XVHG WR LGHQWLI\ IXQGDPHQWDO WUDQVLHQW V\VWHP
G\QDPLF FKDUDFWHULVWLFV $V ZLWK '(6 QXPHURXV WULDODQG
HUURU VLPXODWLRQV PD\ EH QHHGHG WR FKDUDFWHUL]H WUDQVLHQW
V\VWHPEHKDYLRUDQGGHVLJQFRQWUROODZVDQGSROLFLHV
&RQWURO7KHRUHWLFDO0RGHOLQJ0HWKRGV
7KHPRGHOLQJPHWKRGVVXPPDUL]HG DERYHGRQRWGLUHFWO\
SUHGLFWWKHIXQGDPHQWDOG\QDPLFFKDUDFWHULVWLFVRISURGXFWLRQ
V\VWHPV RSHUDWLQJ XQGHU WUDQVLHQW FRQGLWLRQV &KDUDFWHULVWLFV
RILQWHUHVWFDQLQFOXGHWKHWLPHUHTXLUHGIRUDV\VWHPWRUHWXUQ
WRQRUPDORSHUDWLRQDIWHUDGLVWXUEDQFHVXFKDVDUXVKRUGHURU
HTXLSPHQW IDLOXUH VHWWOLQJ WLPH RYHUVKRRWLQJ DQG SRVVLEOH
WHQGHQF\RIYDULDEOHVVXFK OHDG WLPHV WRRVFLOODWH GDPSLQJ
DQG WKH UDQJH GLVWXUEDQFH IUHTXHQFLHV RYHU ZKLFK
SHUIRUPDQFH GHYLDWLRQV DUH VLJQLILFDQW EDQGZLGWK W\SLFDOO\
UHVSRQVHV DUH ODUJHU IRU ORZ IUHTXHQF\ GLVWXUEDQFHV DQG
VPDOOHUIRUKLJKIUHTXHQF\GLVWXUEDQFHVDQGWKHEDQGZLGWKRU
FXWRIIIUHTXHQF\ LVDIUHTXHQF\WKDWFKDUDFWHUL]HVWKHUHODWLYH
ERXQGDU\ EHWZHHQ KLJK DQG ORZ IUHTXHQF\ EHKDYLRU IRU D
JLYHQV\VWHP6XFKIXQGDPHQWDOG\QDPLFFKDUDFWHULVWLFVFDQ
EHGLUHFWO\REWDLQHGIURPFODVVLFDOFRQWUROWKHRUHWLFDOPRGHOV
DQG WKH WRROV RI FRQWURO HQJLQHHULQJ FDQ EH XVHG WR GLUHFWO\
GHVLJQ FRQWURO ODZV DQG SROLFLHV WKHUHIRUH WKHUH KDV EHHQ
PXFK LQWHUHVW LQ WKH XVH RI FODVVLFDO FRQWURO WKHRU\ LQ
PRGHOLQJSURGXFWLRQSODQQLQJDQGFRQWUROV\VWHPV
&ODVVLFDO FRQWURO DQDO\VLV DQG GHVLJQ PHWKRGV DUH
FKDUDFWHUL]HG E\ WKH XVH RI FRQWLQXRXV WLPH /DSODFH
WUDQVIRUPVRUGLVFUHWH WLPH=WUDQVIRUPV WUDQVIHU IXQFWLRQV
>@ >@ LQ PRGHOLQJ WKH G\QDPLFV RI SURGXFWLRQ V\VWHPV
7KHVH WUDQVIRUPDWLRQVDQGVRPHRI WKHLUSURSHUWLHVDUH OLVWHG
LQ 7DEOH  /LQHDU WLPHLQYDULDQW GLIIHUHQWLDO HTXDWLRQV DQG
GLIIHUHQFHHTXDWLRQV LQ WKHFDVHV UHVSHFWLYHO\ RI FRQWLQXRXV
SK\VLFDO UHODWLRQVKLSV DQG GLVFUHWH SK\VLFDO UHODWLRQVKLSV
VXFKDVHTXLSPHQWFRQWUROOHGE\FRPSXWHUVDUHWUDQVIRUPHG
WRREWDLQFDXVHHIIHFWWUDQVIHUIXQFWLRQVDQGHTXDWLRQV7KHVH
FDQ EH LQFRUSRUDWHG LQWR EORFN GLDJUDPV WKDW UHSUHVHQW
LQWHUFRQQHFWLRQV DQG LQWHUUHODWLRQVKLSV EHWZHHQ V\VWHP
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FRPSRQHQWV DQG WKHLU LQSXW DQG RXWSXW YDULDEOHV 7KHVH
G\QDPLFPRGHOVFDQEHVLQJOHRXWSXWPRGHOVRU WKH\FDQEH
PDWUL[EDVHGVWDWHVSDFHPRGHOVWKDWFDQEHXVHGWRUHSUHVHQW
FRPSRQHQWV DQG V\VWHPV ZLWK DUELWUDULO\ ODUJH QXPEHUV RI
LQWHUQDO YDULDEOHV VWDWHV DQG RXWSXWV 7KH\ DOVR FDQ EH
FRPELQHG WR REWDLQ FRPSOHWH V\VWHP WUDQVIHU IXQFWLRQV DQG
HTXDWLRQV
&KDUDFWHULVWLF HTXDWLRQV REWDLQHG IURP FRQWURO WKHRUHWLF
PRGHOV FDQ EH DQDO\]HG WR LGHQWLI\ IXQGDPHQWDO G\QDPLF
SURSHUWLHV RI WKH V\VWHP LQFOXGLQJ SROHV WLPH FRQVWDQWV
QDWXUDO IUHTXHQFLHV DQG GDPSLQJ UDWLRV 7KH PLJUDWLRQ RI
G\QDPLFFKDUDFWHULVWLFVDVDUHVXOWRIFKDQJHVIRUH[DPSOHLQ
DGMXVWDEOH FRQWURO SDUDPHWHUV FDQ EH LQYHVWLJDWHG XVLQJ
PHWKRGV VXFK DV WKH URRW ORFXV PHWKRG DQG IUHTXHQF\
UHVSRQVH DQDO\VLV DQG FRQWURO ODZV FDQ EH VHOHFWHG DQG
FRQILJXUHG XVLQJ WKHVH DQDO\WLFDO WRROV WR ILQG IDYRUDEOH
YDOXHVRIFRQWUROSDUDPHWHUV
7KH XVH RI FODVVLFDO FRQWURO WKHRU\ WHFKQLTXHV LQ DQDO\VLV
RI SURGXFWLRQ V\VWHPV RULJLQDWHG LQ WKH V ZKHQ 6LPRQ
>@ DSSOLHG FRQWLQXRXV VHUYRPHFKDQLVP WKHRU\ WR WKH
PDQLSXODWLRQRISURGXFWLRQUDWHLQDVLPSOHV\VWHPLQYROYLQJ
DVLQJOHSURGXFW7KHLGHDZDVH[WHQGHGWRGLVFUHWHPRGHOVE\
9DVVLDQ>@ZKRSURSRVHGDQLQYHQWRU\FRQWUROPRGHOEDVHG
RQ ]WUDQVIRUPV $ ODWHU H[DPSOH UHSRUWHG E\ :LNQHU >@
VHUYHV DV DQ H[DPSOH RI WKH JHQHUDO DSSURDFK +LV
UHSUHVHQWDWLRQ RI D SURGXFWLRQ±LQYHQWRU\ V\VWHP LV VKRZQ LQ
)LJLQFOXGLQJWKHWUDQVIHUIXQFWLRQVIRUEORFNVUHSUHVHQWLQJ
IRUHFDVWLQJOHDGWLPHVDQGLQYHQWRU\7KLVH[DPSOHLOOXVWUDWHV
WKDW IHHGEDFN ³,QYHQWRU\´ LQ WKLV FDVH FRQYH\V LQIRUPDWLRQ
DERXW WKH HIIHFW RI SUHYLRXV GHFLVLRQV ZKLOH IHHGIRUZDUG
³)RUHFDVWLQJ´ LQ WKLV FDVH FRQYH\V LQIRUPDWLRQ DERXWZKDW
WRH[SHFWLQWKHIXWXUH%RWKFDQEHXVHGWRDGMXVWNH\V\VWHP
YDULDEOHV DFFRUGLQJ WR D GHVLJQHG SROLF\ RU FRQWURO ODZ
³2UGHU 3ROLF\´ LQ WKLV FDVH WR PDQLSXODWH RWKHU LPSRUWDQW
V\VWHPYDULDEOHV³2UGHU5DWH´³3URGXFWLRQ5DWH´DQGKHQFH
³,QYHQWRU\´ LQ WKLV FDVH ZLWK WKH JRDO RIPHHWLQJ VSHFLILHG
V\VWHPSHUIRUPDQFH FULWHULD*HQHULF RUGHU SROLF\ OHDG WLPH
DQG IRUHFDVWLQJ WUDQVIHU IXQFWLRQV DUH VKRZQ LQ )LJ  DQG
WKHVH FDQ EH FRPELQHG LQWR D FRPSOHWH V\VWHP WUDQVIHU
IXQFWLRQWKDWUHODWHVV\VWHPRXWSXWVRILQWHUHVW³,QYHQWRU\´LQ
WKLV FDVH IRU H[DPSOH WR V\VWHP LQSXWV ³'HPDQG´ LQ WKLV
FDVH
)LJ͘%ORFNGLDJUDPUHSUHVHQWDWLRQRIDSURGXFWLRQLQYHQWRU\V\VWHPZLWK
FRPSRQHQWWUDQVIHUIXQFWLRQVIURP:LNQHU>@
&RQWURO7KHRUHWLFDO$QDO\VLVRI33&
$QGHUVRQDQG+HGVWURP>@GHYHORSHGD OLQHDUIHHGEDFN
PRGHO IRU D PDQXIDFWXULQJ V\VWHP XVLQJ D YHFWRU RI LQSXW
FRPPDQGV 7KH EHKDYLRU RI EDFNORJ SURGXFWLRQ UDWH DQG
LQYHQWRU\ZHUHGHVFULEHGE\VWDWHHTXDWLRQV7RZLOOHWDO>@
HPSOR\HG D FORVHGORRS 33& FRQFHSW LQ PRGHOLQJ GHFLVLRQ
VXSSRUW V\VWHPV LQ DPXOWLSURGXFWPHGLFDO VXSSOLHVPDUNHW
DQG 'LVQH\ DQG 7RZLOO >@ XVHG GLIIHUHQWLDO HTXDWLRQV DQG
FODVVLFDOFRQWUROFRQFHSWVWRVWXG\WKHVWDELOLW\RIDGMXVWPHQWV
LQLQYHQWRULHVDQGSURGXFWLRQUDWHV)RQJHWDO>@>@>@
DQDO\]HG PXOWLVWDJH IHHGEDFN FRQWUROOHG PDQXIDFWXULQJ
V\VWHPVDQGXVHGURRWORFXVWHFKQLTXHVWRGHVLJQDQGLPSURYH
UHVSRQVH (DUQL >@ VWXGLHG D FRQWURO VFKHPH ZLWK WZR
LQWHUDFWLQJ FRQWURO ORRSV WKDW FRPELQHG KLJKOHYHO SODQQLQJ
DQG ZRUNVWDWLRQOHYHO FRQWURO :,3 ZDV FRQWUROOHG DQG
WKURXJKSXW ZDV PD[LPL]HG +RQJ HW DO >@ GHVFULEHG D
IHHGEDFNEDVHG DUULYDO WLPH FRQWURO PHWKRG IRU EDWFK
7DEOH͘%DVLF&RQWLQXRXV/DSODFHDQG'LVFUHWH=7UDQVIRUPDWLRQV
&RQWLQXRXV/DSODFH7UDQVIRUPDWLRQ 'LVFUHWH=7UDQVIRUPDWLRQ
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VHTXHQFLQJ$QLQWHJUDOFRQWUROOHUZDVDOORFDWHGWRHDFKRUGHU
LQWKHEDWFKWKDWDGMXVWHGRUGHUDUULYDOWLPHVLQUHDOWLPHXVLQJ
IHHGEDFN IURP IDVW UHSHWLWLYH VLPXODWLRQV RI WKH EDWFK
SURFHVVLQJV\VWHP
3ULWVFKRZ DQG :LHQGDKO >@ DSSOLHG FRQWURO WKHRUHWLF
PHWKRGV LQ PRGHOLQJ WKH G\QDPLFV RI SURGXFWLRQ ORJLVWLFV
7KH\ VWXGLHG WKH EHKDYLRU RI D:,3 FRQWUROOHGZRUN V\VWHP
DQG HIIHFWV RI IOH[LELOLW\ LQ FDSDFLW\ RQ ZRUN V\VWHP
SHUIRUPDQFH 6FKRO]5HLWHU HW DO >@ FRPSDUHG GLVFUHWH
HYHQW VLPXODWLRQ DQG FRQWLQXRXVPRGHOV RIDQDXWRQRPRXVO\
FRQWUROOHG VKRS IORRU 'HLI DQG (O0DUDJK\ >@ XVHG WKH
FRQWURO FRQILJXUDWLRQ VKRZQ LQ )LJ  LQ ZKLFK ZRUN LQ
SURJUHVVWKHFDSDFLW\RIWKHV\VWHPDQGWKHILQLVKHGLQYHQWRU\
OHYHO ZHUH FRQWUROOHG LQGHSHQGHQWO\ RU WZR DW D WLPH WR
DFKLHYH WKH GHVLUHG SURGXFWLRQ UDWH 7KH SURSRVHG VWUXFWXUH
FRQWDLQHGWZRRSHUDWLRQDO OD\HUVD:,3FRQWUROOD\HUDQGDQ
LQWHOOLJHQW OD\HU WKDW FRQWDLQHG D FDSDFLW\ FRQWUROOHU DQG DQ
LQYHQWRU\FRQWUROOHU/DSHUULHU >@PRGHOHG WKHG\QDPLFVRI
SURGXFWLRQ SODQQLQJ DQG FRQWURO XVLQJ D IORZ EDVHG
IRUPXODWLRQDQGFRPSDUHGYDULRXV:,3FRQWUROVWUDWHJLHV

)LJ$JLOH33&V\VWHPPRGHOIURP'HLIDQG(O0DUJDK\>@
.QROOPDQQDQG:LQGW>@VWXGLHGWKHLPSDFWRIWKH/HDG
7LPH 6\QGURPH /76 RQ ORJLVWLF WDUJHW DFKLHYHPHQW
FDSDELOLW\7KH/76LQZKLFKSODQQHUVUHDFWWRSRRUGXHGDWH
UHOLDELOLW\ E\ OHQJWKHQLQJ OHDG WLPHV WKHUHE\ ZRUVHQLQJ GXH
GDWH UHOLDELOLW\ ZDV FRUUHODWHG ZLWK KDYLQJ D SRVLWLYH
IHHGEDFN ORRS GULYLQJ /76 FRXQWHUPHDVXUHV $ PRGHO ZDV
GHYHORSHG IRU VLPXODWLQJ WKH /76 DQG D UHODWLRQVKLS ZDV
HVWDEOLVKHGEHWZHHQWKH/76DQGGXHGDWHUHOLDELOLW\0HWKRGV
ZHUHVXJJHVWHGIRUDYRLGLQJWKH/76
:LHQGDKODQG%UHLWKDXSW >@ >@GHYHORSHG WKHPRGHO
VKRZQ LQ )LJ  LQZKLFK EDFNORJ DQG:,3 LV FRQWUROOHG$
ORJLVWLF RSHUDWLQJIXQFWLRQFRXOGEH LQFOXGHG WRUHSUHVHQW WKH
UHODWLRQVKLS EHWZHHQ DFWXDO FDSDFLW\ DQG XWLOL]DWLRQ DV D
IXQFWLRQRIIXOOFDSDFLW\DQG:,3'XIILHDQG)DOX>@XVHG
WKHPRGLILHG]WUDQVIRUPPHWKRG WRREWDLQ WUDQVIHU IXQFWLRQV
IRU WKLVPRGHO UHSUHVHQWLQJ LWV G\QDPLFV XVLQJ WKHPXOWLUDWH
GLVFUHWH V\VWHP PRGHO VKRZQ LQ )LJ  7KHVH WUDQVIHU
IXQFWLRQVZHUHWKHQXVHGWRDQDO\]HWKHHIIHFWRIGLVWXUEDQFHV
LQ FDSDFLW\ ZKLFK PD\ DULVH IURP HTXLSPHQW IDLOXUHV DQG
ZRUN LQSXW GXH WR UXVK RUGHUV HWF RQ WKH G\QDPLF
SHUIRUPDQFH RI WKH V\VWHP2Q WKH RWKHUKDQG5DWHULQJ DQG
'XIILH>@VWXGLHGWKHV\VWHPG\QDPLFVDQGWKHLQIOXHQFHRI
FRQWUROSDUDPHWHUVDWYDULRXVRSHUDWLQJSRLQWVLQWKHQRQOLQHDU
RSHUDWLQJ ORJLVWLF IXQFWLRQ DQG .LP DQG 'XIILH >@
LQYHVWLJDWHG WKH HIIHFWV RI SHULRGLF GLVWXUEDQFH LQSXWV XVLQJ
IUHTXHQF\ UHVSRQVH PHWKRGV 7KH\ DOVR H[SORUHG ZD\V WR
GDPSHQWKHQHJDWLYHHIIHFWRIGHOD\V LQFDSDFLW\DGMXVWPHQWV
E\LQFOXGLQJGHULYDWLYHFRQWURO
)LJ&RQFHSWRIDFRPELQHG:,3DQGEDFNORJFRQWUROOHU
IURP:LHQGDKODQG%UHLWKDXSW>@Ϳ

)LJ'LVFUHWHWLPH&ORVHGORRS33&V\VWHPIURP'XIILHDQG)DOX>@

'XIILH HW DO >@ >@ GHYHORSHG D VWDWHVSDFHPRGHO IRU
WKHUHJXODWLRQRI:,3LQOLQNHGZRUNV\VWHPVLQDSURGXFWLRQ
QHWZRUN DQG VWXGLHG WKH HIIHFW WKDW RUGHU IORZ LQIRUPDWLRQ
VKDULQJ KDG RQ G\QDPLF SHUIRUPDQFH 7KH PRGHO IRU
LQGLYLGXDO ZRUN V\VWHPV LQ WKH QHWZRUN LV VKRZQ LQ )LJ 
7KH\ VKRZHG WKDW SHUIRUPDQFH FRXOG EH LPSURYHG E\
LQFOXGLQJ FRQWURO FRXSOLQJ EHWZHHQZRUNVWDWLRQVXVLQJ RUGHU
IORZ LQIRUPDWLRQ VKDUHG DFURVV WKH QHWZRUN WKLV HOLPLQDWHG
RUGHU IORZ LQWHUDFWLRQV DQG UHGXFHG SURSDJDWLRQ RI
GLVWXUEDQFHV GRZQVWUHDP+RZHYHU LWZDV IRXQG WKDW LQ WKH
JHQHUDO FDVH RI PXOWLGLUHFWLRQDO RUGHU IORZ G\QDPLF
SHUIRUPDQFH ZDV VHQVLWLYH WR WKH DFFXUDF\ RI VKDUHG RUGHU
IORZLQIRUPDWLRQ
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7RVKQLZDO HW DO >@ XVHG GLVFUHWH HYHQW VLPXODWLRQV WR
DVVHVVWKHILGHOLW\RIFRQWUROWKHRUHWLFPRGHOVRIWKHG\QDPLFV
RI:,3UHJXODWLRQDQGFDSDFLW\DGMXVWPHQWV7KH\IRXQGWKDW
H[FHSW DW ORZ OHYHOV RI :,3 RU ZKHQ UHVSRQVH ZDV KLJKO\
RVFLOODWRU\ WKH UHVSRQVH RI :,3 UHJXODWLRQ WR ZRUN
GLVWXUEDQFHV VXFK DV UXVK RUGHUV SUHGLFWHG E\ WKH FRQWURO
WKHRUHWLFPRGHOVZDVFRUUHODWHGZHOOZLWKWKDWSUHGLFWHGXVLQJ
GLVFUHWHHYHQWVLPXODWLRQ7KHILGHOLW\RIWKHFRQWUROWKHRUHWLF
PRGHOGHFUHDVHGDWH[WUHPHFRQGLWLRQVVXFKDV ORZ:,3DQG
ODUJH FDSDFLW\ DGMXVWPHQWV EXW SUHGLFWLRQV RI IXQGDPHQWDO
G\QDPLFEHKDYLRUXVLQJWUDQVIHUIXQFWLRQVZHUHDFFXUDWH
-HNHQ HW DO >@ PRGHOHG WKH G\QDPLF LQWHUDFWLRQV
EHWZHHQDXWRQRPRXVORJLVWLFREMHFWVVSHFLILFDOO\DXWRQRPRXV
SDUWV DQG DXWRQRPRXV ZRUN V\VWHPV DQG UHSUHVHQWHG WKH
GHFLVLRQPDNLQJ ORJLF XVHG E\ DXWRQRPRXV SDUWV ZLWK
HTXDWLRQV WKDW DSSUR[LPDWHG WKH IUDFWLRQ RIZRUN IORZLQJ WR
HDFKZRUNV\VWHP7KHVHHTXDWLRQVZHUHOLQHDUL]HGDOORZLQJ
IXQGDPHQWDO G\QDPLF SURSHUWLHV RI WKH LQWHUDFWLRQV EHWZHHQ
ORJLVWLFREMHFWV WREHSUHGLFWHGDQGDVVHVVHGXVLQJ WKHPRGHO
VKRZQ LQ )LJ  5HVSRQVHV SUHGLFWHG E\ K\EULG VLPXODWLRQ
DQGFRQWUROWKHRUHWLFDQDO\VHVZHUHIRXQGWREHVLPLODU

)LJ0RGHORIDXWRQRPRXVGHFLVLRQPDNLQJIURP-HNHQHWDO>@

'XIILH HW DO >@ VWXGLHG WKH OHDG WLPH UHJXODWLRQ
WRSRORJ\VKRZQLQ)LJDIRUDGMXVWPHQWRISURGXFWLRQUDWHV
LQDZRUNV\VWHPWRPLQLPL]HWKHGHYLDWLRQEHWZHHQWKHDFWXDO
OHDGWLPH DQG GHVLUHG OHDGWLPH 7KH\ IRXQG WKDW WKH
DOWHUQDWLYH ZRUN GHYLDWLRQ WRSRORJ\ VKRZQ LQ )LJ E
IDFLOLWDWHG DQDO\VLV XVLQJ FRQWUROWKHRUHWLF PHWKRGV
IXUWKHUPRUH WKLV DOWHUQDWLYH WRSRORJ\ XQOLNH WKH OHDG WLPH
UHJXODWLRQWRSRORJ\KDGIXQGDPHQWDOG\QDPLFSURSHUWLHVWKDW
GLG QRW YDU\ ZLWK SURGXFWLRQ UDWH VXJJHVWLQJ WKDW ZRUN
GHYLDWLRQUHJXODWLRQPD\EHSUHIHUDEOHWRGXHGDWHUHJXODWLRQ
ZKHQSURGXFWLRQUDWHVVLJQLILFDQWO\YDU\
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